monary vascular remodeling, mainly attributable to enhanced pulmonary arterial smooth muscle cell proliferation and migration, is a major cause for elevated pulmonary vascular resistance and pulmonary arterial pressure in patients with pulmonary hypertension. The signaling cascade through Akt, comprised of three isoforms (Akt1-3) with distinct but overlapping functions, is involved in regulating cell proliferation and migration. This study aims to investigate whether the Akt/mammalian target of rapamycin (mTOR) pathway, and particularly which Akt isoform, contributes to the development and progression of pulmonary vascular remodeling in hypoxia-induced pulmonary hypertension (HPH). Compared with the wild-type littermates, Akt1 Ϫ/Ϫ mice were protected against the development and progression of chronic HPH, whereas Akt2 Ϫ/Ϫ mice did not demonstrate any significant protection against the development of HPH. Furthermore, pulmonary vascular remodeling was significantly attenuated in the Akt1 Ϫ/Ϫ mice, with no significant effect noted in the Akt2 Ϫ/Ϫ mice after chronic exposure to normobaric hypoxia (10% O 2). Overexpression of the upstream repressor of Akt signaling, phosphatase and tensin homolog deleted on chromosome 10 (PTEN), and conditional and inducible knockout of mTOR in smooth muscle cells were also shown to attenuate the rise in right ventricular systolic pressure and the development of right ventricular hypertrophy. In conclusion, Akt isoforms appear to have a unique function within the pulmonary vasculature, with the Akt1 isoform having a dominant role in pulmonary vascular remodeling associated with HPH. The PTEN/Akt1/ mTOR signaling pathway will continue to be a critical area of study in the pathogenesis of pulmonary hypertension, and specific Akt isoforms may help specify therapeutic targets for the treatment of pulmonary hypertension.
PULMONARY ARTERIAL HYPERTENSION (PAH) is a progressive and fatal disease characterized by a persistent increase of pulmonary vascular resistance (PVR). Pulmonary vascular remodeling or concentric vascular wall thickening of small pulmonary arteries (PAs) and arterioles, attributable partially to enhanced proliferation and migration of PA smooth muscle cells (PASMC), is a major cause for elevated PVR in patients with PAH and chronic hypoxia-induced pulmonary hypertension (HPH) (32, 54, 74) . Multiple cellular and molecular mechanisms have been demonstrated to contribute to the development and progression of pulmonary vascular remodeling through enhanced PASMC proliferation and migration, such as signaling cascades involving intracellular free Ca 2ϩ (12, 37, 50, 75) , K ϩ channels (51, 62, 73) , Notch (26, 69) , bone morphogenetic protein/transforming growth factor-␤ (38, 42, 48) , and/or Akt/mammalian target of rapamycin (mTOR) (4, 20, 23) ; however, the specific sequence of events involved in the enhanced PASMC proliferation in pulmonary hypertension remains unclear.
When cells, including PASMC, are activated by extracellular mitogenic factors, such as platelet-derived growth factor (PDGF), insulin-like growth factors (IGF), and endothelin-1, the Akt signaling pathway plays an important role in regulating cell proliferation, migration, and apoptosis, much of which has been linked to subsequent activation of the mTOR, an important downstream signaling protein (45, 52) . Inhibition of the Akt/mTOR signaling cascade by phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (a phosphatase that converts phosphatidylinositol 4,5-trisphosphate to phosphatidylinositol 4,5-bisphosphate, inhibiting Akt phosphorylation), rapamycin (which blocks mTOR), or Akt inhibition (specific inhibitors that bind to Akt to prevent its phosphorylation), has been well demonstrated to attenuate cell proliferation in cancer cells (64) , embryonic stem cells (2, 61) , vascular progenitor cells (25, 27) , coronary arterial smooth muscle cells (9, 14) , and PASMC (19, 20, 29, 49) . Our previous work has also demonstrated the importance of the Akt/mTOR pathway in both thrombin-and PDGF-induced enhancement of store-operated Ca 2ϩ entry (SOCE) and cell proliferation in PASMC (44, 45) , whereas downregulation of transient receptor potential canonical (TRPC) channels reduced SOCE and significantly inhibit PASMC proliferation and migration (59, 72) .
There are three members in the Akt kinase family, Akt1, Akt2, and Akt3, which share a high degree of homology. Akt1 and Akt2 are broadly expressed in many tissue and cell types, whereas Akt3 is predominantly expressed in brain tissue (10, 67) . Each of the Akt isoforms has a distinct but overlapping function in the regulation of cell proliferation, cell apoptosis, protein synthesis, and the cell cycle (17) . Numerous clinical studies have indicated differential expression of Akt isoforms in different types of cancer and cells (6, 41, 55, 57, 68) . Indeed, many studies have evaluated the distinct roles of Akt isoforms for several types of cancer. The distinct roles of Akt1, as a migration inhibitor, and Akt2, as a promigration kinase, are well defined in breast and ovarian cancer cells (1, 35, 70) . In prostate cancer cells, however, Akt1 and Akt2 both function as inhibitors of cell migration and invasion (63) . These observations provide compelling evidence that, in cancer cells, Akt1 and Akt2 play a distinctive functional role in the regulation of cell proliferation and migration by their differential effects on receptor tyrosine kinases (RTKs), integrin activity, and microRNAs. Distinct actions of Akt isoforms in vascular tissue have also been noted, such that microvascular permeability and edema formation are attenuated in Akt1 Ϫ/Ϫ mice and by silencing Akt1 in pulmonary vascular endothelial cells, whereas Akt2 does not appear to play a significant role (8) .
In human and rodent PASMC, the Akt/mTOR signaling pathway is involved in thrombin-and PDGF-mediated enhancement of SOCE, upregulation of TRPC channels, and cell proliferation (44, 45) . Blockade of the Akt/mTOR signaling with rapamycin or an Akt inhibitor can significantly attenuate PASMC proliferation (20) . Deletion of PTEN in mouse smooth muscle cells results in vascular remodeling (43) , and exposure of PTEN conditional knockout (KO) mice to hypoxia causes severe pulmonary hypertension (19) . These studies show the crucial roles of PTEN in the development and progression of pulmonary vascular disease. However, the consequences of suppression of Akt activation by elevating PTEN in pulmonary vascular remodeling and its potential prevention of HPH are still unknown. Furthermore, it remains unclear whether Akt1 and Akt2 both play comparable roles in PASMC proliferation and, ultimately, in the development of pulmonary vascular remodeling leading to pulmonary hypertension.
In this study, we hypothesized that PTEN/Akt/mTOR signaling contributes to the development and progression of pulmonary hypertension, and deletion of different Akt kinase isoforms (e.g., Akt1 or Akt2) may have distinctive effects on the development and progression of pulmonary vascular remodeling in animals with experimental pulmonary hypertension. The aim of this study was to further elucidate the role and significance of the PTEN/Akt/mTOR signaling pathway in the development and progression of pulmonary vascular remodeling and to identify the importance of distinct isoforms of Akt (i.e., Akt1 and Akt2) in the development of pulmonary hypertension.
MATERIALS AND METHODS
Animals. All animal procedures were conducted with the use of protocols approved by the IACUC of the University of Illinois at Chicago (UIC) and The University of Arizona (UA). All mice used in these studies were of C57BL/6 background and were 6 -12 wk old at the time of the experimentation. The Akt1 Ϫ/Ϫ mice were used as commercially available through Jackson Laboratory (stock no. 004912). The Akt2 Ϫ/Ϫ mice are also available commercially through Jackson Laboratory (stock no. 006966). All mice were bred and housed in the UIC Biologic Resources Laboratory and the UA Animal Health Science Center.
Generation (referred to as mTOR KO) were treated with tamoxifen via intraperitoneal injection once a day for five consecutive days at a dose of 1 mg. Mice were allowed to recover for 2 wk following the tamoxifen administration regimen before any subsequent experimental manipulation.
PCR analysis. Genomic DNA from a tail biopsy was extracted by standard procedures and subjected to PCR for genotyping. The primer sequences and anticipated band sizes are as follows: Akt1 wild-type (WT): 143 bp, F-GCTCCATAAGCACACCTTCAGG; R-AGCT-CTTCTTCCACCTGTCTC; Akt1-Mut: 259 bp, F-GCTCCATAAGCA-CACCTTCAGG; R-GTGGATGTGGAATGTGTGCGAG; Akt2-WT: 300 bp, F-GAGGTAGAAACAAGAGAATCAT; R-GTTCGCACT-GCTGTATGTTG; Akt2-Mut: 800 bp, F-TGTATTTCTACCCCGAT-GCCA; R-TGCTACTTCCATTTGTCACGTC; SMMHC-CRE: P1-TGACCCCATCTCTTCACTCC; P2-AACTCCACGACCACCT-CATC; P3-AGTCCCTCACATCCTCAGGTT. The cycling parameters for the PCR were as follows: 1 cycle at 94°C for 5 min, 33 cycles of 94°C for 45 s, then 45 s of 68°C, and 72°C for 45 s. The PCR ended with 5 min at 72°C.
Western blotting and real-time RT-PCR. Solubilized protein lysates, isolated from lung tissues and PASMC, were used to detect Akt1, Akt2, mTOR, and PTEN. Cells were lysed in a modified radioimmunoprecipitation assay lysis buffer with a protease inhibitor cocktail (Sigma Aldrich). Total RNA from lung tissues or PASMC was isolated using the RNeasy Plus Mini Kit (cat. no. 74134; Qiagen). Equal amounts (30 g) of total protein from each sample were loaded onto 4 -20% SDS gradient gels (Mini-PROTEAN TGX; Bio-Rad) and separated by gel electrophoresis. Proteins were transferred onto PVDF membranes and stained with Ponceau S. Blots were probed with polyclonal rabbit anti-Akt1 (cat. no. 2938; Cell Signaling), anti-Akt2 (cat. no. 3063; Cell Signaling), and monoclonal ␤-actin (cat. no. sc-130301; Santa Cruz Biotechnology). Bands were visualized using ImageJ software. To perform the real-time PCR, 2 g of purified RNA was reverse transcribed to single-stranded cDNA using the TaqMan RNA reverse transcription kit (cat. no. N8080234, Applied Biosystems). Real-time PCR was performed on an ABI 7900HT machine. Specific TaqMan quantitative real-time PCR assays were ordered from Applied Biosystems (specific assay IDs available upon request). The relative mRNA expression levels were normalized to the expression of a housekeeping gene, GAPDH, and determined by calculating the ⌬⌬Ct value, as detailed in the manufacturer's guidelines.
HPH animal model. In the rodent models of HPH, mice or rats were exposed to room air (normoxia) or 10% oxygen (hypoxia) for 3-5 wk in a BioSpherix A chamber (BioSpherix), and the oxygen concentration (10%) was monitored with a Proox Model P110 oxygen controller (BioSpherix). After chronic exposure to normobaric hypoxia, mice and rats were anesthetized with ketamine/xylazine before hemodynamic measurements or humane death for organ procurement.
Hemodynamic measurements. Animals were weighed before the experiment and once a week during the experiment. Right ventricular (RV) pressure was measured with a 1.4-French pressure transducer catheter (Millar Instruments) and AcqKnowledge software (Biopac Systems). RV systolic pressure (RVSP) was recorded and used as a surrogate for PA pressure (PAP). The blood was drawn to determine a complete blood cell count, and heart was excised and dissected to determine the ratio of the RV weight to the left ventricle (LV) and septum (S) weight [RV/(LVϩS) ratio], i.e., the Fulton index, as a parameter of RV hypertrophy (RVH). Lung tissues were used for Western blotting analysis and real-time RT-PCR analysis as described above, as well as morphometric analysis. Regarding morphometric analysis, tissues were fixed, embedded, and sectioned. Slides were stained with hematoxylin and eosin (H and E) and used to quantitate PA wall thickness.
Isolated perfused/ventilated mouse lung experiments. The PAP was measured using the isolated perfused/ventilated mouse lung system as previously described (71) . Briefly, mice were anesthetized and ventilated with a gas mixture of 21% O2-5% CO2 in N2 via a rodent ventilator (minivent type 845; Harvard Apparatus). A stainless steel catheter was inserted into the main PA after performing a right ventriculotomy, and the PA and ascending aorta were tied together using a 6-0 black silk suture. PAP was measured using a pressure sensor (P75 Type 379, Hugo Sachs Elektronik-Harvard Apparatus), which was connected to the PA catheter. The other end of the catheter was connected to a tube for PA perfusion. The pulmonary circulation was maintained in a closed circuit via a peristaltic pump (ISM 834; ISOMATEC). For data acquisition and data storage, Powerlab 8/30, Quad Bridge Amp, and LabChart (AD Instruments) were used. After basal PAP was stabilized for 40 -60 min, the experiments were performed.
Human lung tissues and human PASMC. Approval for the use of human lung tissues and cells was granted by the UIC Institutional Review Board. Human lung tissues used in this study were from donor lung explants not suitable for lung transplantation and patients with idiopathic PAH (IPAH). Human PASMC were isolated from the lung tissues of normal organ donors and patients with IPAH. In addition, a primary hPASMC cell line from Lonza (CC-2581) was used for cell transfection and proliferation assays. Cells were cultured at 37°C in smooth muscle growth medium (CC-3182; Lonza) and studied at passages 5 to 8.
Mouse PASMC isolation. PASMC were isolated from mouse lungs, as described previously (65) , using a modified method by Marshall et al. (33) . A mixture of 5 ml of medium 199 (M199) growth medium containing 5 g/l low-melting-point agarose type VII (Sigma Aldrich), 5 g/l iron beads (diameter Ͻ10 M; Sigma Aldrich), and antibiotics (penicillin and streptomycin) was slowly injected over a period of 60 s through the RV, thereby perfusing the PA. M199 growth medium (1 ml) containing 5 g/l agarose type VII was injected in airways through the trachea. The lungs were plunged in cold PBS to cause the agarose to gel. Because of the rapidly solidifying nature of the agarose and the size of the iron particles, the likelihood of traversing the capillary space is minimized. All the lobes were then isolated and finely minced in a Petri dish. The tissue was further disrupted by passing through a 16-gauge followed by an 18-gauge needle approximately five times. The suspension was then mixed in M199 growth medium containing 80 U/ml type IV collagenase (Sigma Aldrich) and incubated at 37°C for 90 min. With the use of a magnetic column (Invitrogen), the arteries or arterial tissues containing the iron beads were collected. The supernatant was aspirated, and the arteries were washed and suspended in 5 ml M199 containing 20% FBS. Aliquots of the suspension were transferred to T25 culture flasks. Cells from the hypoxic group were incubated at 3% O2, whereas cells from the normoxic control were cultured in air. Smooth muscle cell purity was determined by immunostaining with smooth muscle-specific ␣-actin antibody.
Bromodeoxyuridine cell proliferation assay. Briefly, PASMC were plated into a 96-well plate at a density of 5 ϫ 10 3 /100 l per well and incubated overnight. Bromodeoxyuridine (BrdU) label was added to the culture medium with a dilution of 1:10,000 on the next day. Cells were cultured for another 16 h, and cell proliferation activities were then detected using a BrdU cell proliferation assay kit (Calbiochem) on GloMax-96 Microplate luminometer (Promega) at the wavelength of 450 nm according to the user's manual.
Statistics. The composite data are expressed as means Ϯ SE. Statistical analysis was performed using paired or unpaired Student's t-test or ANOVA and post hoc tests (Student-Newman-Keuls) where appropriate. Differences were considered to be significant at P Ͻ 0.05.
RESULTS

Akt is highly phosphorylated in lung tissues and PAs isolated from patients with IPAH and animals with experimental pulmonary hypertension.
We first examined whether Akt phosphorylation was increased in lung tissues and PASMC isolated from rats and mice with chronic HPH and PASMC isolated from patients with IPAH. As shown in Fig. 1 , the level of phosphorylated Akt (p-Akt) in lung tissues isolated from both mice and rats with HPH was significantly higher than lung tissues from normoxic control animals ( Fig. 1, A and B ), whereas the protein expression level of total Akt (Akt) was comparable between normoxic control and HPH rats. These data correlate with the development of HPH and RVH in both mice ( (Fig. 1D ), implying that activation of Akt signaling (enhanced phosphorylation of Akt) is present in PAs isolated from patients with IPAH and lung tissues from animals with experimental pulmonary hypertension and may contribute to pulmonary vascular remodeling in the development and progression of disease.
Deletion of specific Akt isoforms does not affect expression of the other isoform and negligibly affects basal systemic arterial pressure and PAP.
To examine whether Akt, and in particular which Akt isoform (Akt1 or Akt2), is involved in the development and progression of pulmonary hypertension, we first used heterozygous (Akt1 ϩ/Ϫ , Akt2 ϩ/Ϫ ) and homozygous (Akt1 Ϫ/Ϫ , Akt2 Ϫ/Ϫ ) KO mice to compare the basal protein and mRNA expression levels of Akt1 and Akt2, as well as systemic hemodynamics compared with WT mice. The mice were genotyped using the standard PCR procedure and confirmed downregulation and absence of Akt1 mRNA expression in the Akt1 ϩ/Ϫ and Akt1 Ϫ/Ϫ mice, respectively ( mice with no significant change in Akt2 protein expression compared with WT littermates (Fig. 2C ). In Akt2 Ϫ/Ϫ mice, protein expression of Akt2 was not detectable (ND) in lung tissues with no significant change in Akt1 protein expression (Fig. 2D) .
The systemic arterial pressure, measured by a catheter in the carotid artery, and LV systolic pressure, determined by a catheter advanced into the LV, were both comparable among WT, Akt1 ϩ/Ϫ , and Akt2 ϩ/Ϫ mice ( Fig. 2 , E and F). These results have characterized the KO mice used for subsequent experiments, demonstrating no appreciable changes in the mRNA or protein expression of accompanying Akt isoforms in each specific genetic deletion. Additionally, baseline systemic hemodynamics is unaffected in heterozygous KOs.
Deletion of Akt1 (Akt1
Ϫ/Ϫ ) significantly attenuates the development and progression of pulmonary hypertension. No significant difference in the basal pulmonary hemodynamics was observed between WT and Akt1 Ϫ/Ϫ mice (Fig. 3, A and B) . Exposure of WT mice to normobaric hypoxia (10% O 2 ) for 4 wk significantly increased PAP, indicated by a significant increase in RVSP (from 24.2 Ϯ 2.6 to 41.9 Ϯ 1.6 mmHg, P Ͻ 0.001) (Fig. 3, A and B) , which was accompanied by marked RVH, indicated by a significant increase in the Fulton index [the ratio of RV/(LVϩS)] (from 0.29 Ϯ 0.01 to 0.46 Ϯ 0.08, P Ͻ 0.05) (Fig. 3C) . The hypoxia-induced increase in RVSP and RVH in WT mice was associated with significant PA remodeling, indicated by a significant increase in PA wall thickness from both small (Ͻ50 M) and medium-sized (50 -100 m) arteries (from 0.47 Ϯ 0.03 to 0.64 Ϯ 0.06 m in vessels with diameter Ͻ50 m, P Ͻ 0.05, and from 0.43 Ϯ 0.03 to 0.73 Ϯ 0.04 m in vessels with diameter between 50 and 100 m, P Ͻ 0.01) (Fig. 3, D and E) . In Akt1 Ϫ/Ϫ mice, the hypoxia-mediated increases in RVSP, RV/(LVϩS) ratio, and PA wall thickness were all significantly less than in WT mice (Fig. 3) . The significantly lower RVSP in hypoxic Akt1 Ϫ/Ϫ mice than in hypoxic WT mice (Fig. 3, A and B) correlated with a significantly reduced RVH measured by the Fulton index (Fig. 3C) .
In addition to RVSP and the Fulton index, the wall thickness of small (diameter Ͻ50 m) and medium-sized (diameter 50 -100 m) PAs in hypoxic Akt1 Ϫ/Ϫ mice was significantly lower than in hypoxic WT mice. As shown in Fig. 3 , D and E, deletion of Akt1 nearly eliminated hypoxia-mediated PA wall remodeling. These results indicate that Akt1 Ϫ/Ϫ mice are protected from the development of HPH, and the predominant effect appears to be through attenuation of pulmonary vascular remodeling.
Deletion of Akt2 (Akt2 Ϫ/Ϫ ) negligibly affects the development and progression of pulmonary hypertension. It has been well demonstrated that different isoforms of Akt, such as Akt1 and Akt2, play distinctive roles in regulating cell growth, proliferation, and apoptosis (17) . The next set of experiments was designed to determine whether deletion of Akt2 (Akt2 Ϫ/Ϫ ) would have the same protective effect on the development and progression of pulmonary hypertension.
Similar to findings with Akt1 Ϫ/Ϫ mice, baseline RVSP and Fulton index were similar among Akt2 Ϫ/Ϫ mice and WT littermates (Fig. 4, A-C) . In contrast to Akt1 Ϫ/Ϫ mice, Akt2
mice exhibited a similar increase in RVSP and RVH following 4 wk of normobaric hypoxia compared with WT mice. As shown in Fig. 4 , there was no significant difference in RVSP measurement and the ratio of RV/(LVϩS) between hypoxic WT mice and hypoxic Akt2 Ϫ/Ϫ mice (Fig. 4, A-C) . Furthermore, Akt2 Ϫ/Ϫ failed to prevent hypoxia-mediated pulmonary vascular remodeling, demonstrated by increases in PA wall thickness (Fig. 4, D and E) . These results indicate that deletion of Akt2 (Akt2 Ϫ/Ϫ ) does not protect against the development and progression of HPH in mice.
Conditional and inducible deletion of mTOR in vascular smooth muscle cells significantly attenuates the development and progression of pulmonary hypertension. Upon activation of membrane tyrosine kinase receptors (e.g., PDGFR and IGFR) by growth factors, the activated phosphatidylinositol 3-kinase (PI3K)-Akt pathway leads to phosphorylation of mTOR and subsequently activates the downstream signaling cascades, which result in cell proliferation and migration (15) . Many of these growth factors are shown to be increased in both animal models of HPH and patients with PAH (24, 47, 56) . To examine whether the Akt1/mTOR pathway is the signaling cascade responsible for promoting PASMC proliferation and migration and for the development and progression of HPH, we generated smooth muscle-specific mTOR conditional and inducible KO mice (Fig. 5A) , as outlined in MATERIALS AND METHODS. The smooth muscle-specific deletion of mTOR was confirmed by Western blot analysis 2 wk after tamoxifen treatment in freshly isolated PA tissues (Fig. 5B) . Subsequently, these animals were then exposed to normobaric hypoxia for 3 wk before hemodynamic measurement and histological analysis (Fig. 5C ). Baseline pulmonary hemodynamic measurements, Fulton index, and PA wall thickness were unchanged between Cre ϩ / mTOR F/F mice treated with vehicle control (oil) or tamoxifen (Fig. 5, D-F) . Exposure of Cre ϩ /mTOR F/F mice treated with vehicle control (oil) to normobaric hypoxia (10% O 2 ) for 4 wk resulted in significantly increased RVSP (Fig. 5, D and E) , Fulton index [RV/(LVϩS)] (Fig. 5F ), and PA wall thickness (Fig. 5, G and H) . In Cre ϩ /mTOR F/F mice treated with tamoxifen (Tam-Cre ϩ /mTOR F/F , or the smooth muscle-specific mTOR KO mice), the hypoxia-mediated increase in RVSP was significantly attenuated compared with vehicle control Cre ϩ / mTOR F/F mice treated with oil (Oil-Cre ϩ /mTOR F/F ) (Fig. 5, D  and E) . The significantly lower RVSP in hypoxic Tam-Cre ϩ / mTOR F/F mice was associated with a significantly lower ratio of RV/(LVϩS) compared with vehicle control (Fig. 5F ). Additionally, the increased PA wall remodeling was significantly attenuated in the Tam-Cre ϩ /mTOR F/F mice compared with control Oil-Cre ϩ /mTOR F/F mice (Fig. 5, G and H) . These results indicate that smooth muscle-specific KO of mTOR protects against the pulmonary vascular remodeling during the development of HPH. Upregulation of PTEN in transgenic mice attenuates the development of HPH. PTEN-transgenic (TG) mice were derived and gifted from the laboratory of Dr. Pandolfi in methods previously described (11) . Western blotting of lungs from WT mice showed a significant decrease in PTEN expression when exposed to 4 wk of hypoxia and a significant elevation of PTEN in TG mice compared with hypoxic WT lungs (Fig. 6A) . Under normoxic conditions, RVSP and RVH indices are similar among WT and PTEN-TG mice (Fig. 6, B-D) . When exposed to 4 wk of normobaric hypoxia, PTEN-TG mice show a reduced RVSP elevation (Fig. 6 , B and C) and significantly decreased RVH (Fig. 6D) . Figure 6E shows representative cross-sectional views of small PAs from both WT and PTEN-TG mice under normoxic and hypoxic conditions. Quantifying the PA wall thickness as the ratio of wall area to total vessel area, we observe that. in both medium-sized (diameter 50 to 100 M) and small (diameter Ͻ50 M) PAs, the degree of pulmonary vascular remodeling after hypoxia is significantly attenuated in PTEN-TG mice (Fig. 6F) . These results show that upregulation of PTEN, a repressor of Akt activity, protects mice from pulmonary vascular remodeling and development of HPH. Smooth muscle-specific deletion of mTOR has the greatest protective effect on HPH and PASMC cell proliferation. The Akt pathway remains complex, and therefore we sought to determine the relative effect of the various proteins in this pathway. Comparing the effect of chronic hypoxia on Akt1
Ϫ/Ϫ mice smooth-muscle specific mTOR KO mice, and PTEN-TG mice, we observe that smooth muscle-specific mTOR KO shows the most robust protection from RVSP increases seen after chronic hypoxia (Fig. 7A) . Indeed, whereas both Akt1 Ϫ/Ϫ and PTEN-TG mice have nearly 40% protection, the smooth muscle-specific mTOR KO is completely protective and predominately attenuated the RVSP increase after chronic hypoxia (Fig. 7A) . RVH and PA remodeling are dramatically protected in the Akt1 Ϫ/Ϫ and smooth musclespecific mTOR KO mice, whereas the PTEN-TG mice show less protection (Fig. 7, B and C) . In fact, PA wall remodeling is eliminated in both Akt1 Ϫ/Ϫ and smooth muscle-specific 
. D and E: H and E images (D) of small PAs from WT mice or Akt2
Ϫ/Ϫ mice under normoxic or hypoxic exposure with summarized data (means Ϯ SE, E) of medial thickness measurements in the small and medium-sized PAs. No significant differences seen between WT and Akt2 Ϫ/Ϫ mice under normoxic or hypoxic conditions. mTOR KO mice, illustrating the importance of the Akt1/ mTOR pathway in PASMC proliferation and pulmonary vascular remodeling.
To confirm these findings, we performed in vitro studies to determine the relative influence of different signaling proteins in the Akt pathway on PASMC proliferation. Proliferation of human PASMC, measured by BrdU uptake, after knockdown with siRNA of Akt1, Akt2, mTOR, and ␤-catenin (BCTN), was compared with scrambled siRNA control under both normoxia and hypoxia (for 24 h).
Treatment of human PASMC with specific siRNA for Akt1 significantly reduced protein expression level of Akt1 but had no effect on Akt2 expression level (Fig. 8, A and B) . In this experiment, the scrambled siRNA for Akt1 or Akt2 were used as controls. Furthermore, treatment of human PASMC with specific siRNA for mTOR (Fig. 8, C, top, and D, left) or BCTN (Fig. 8, C, bottom, and D, right) significantly decreased protein expression level of mTOR or BCTN, respectively, compared with the cells treated with scrambled siRNA for mTOR or BCTN. These results indicate that the siRNAs for Akt1, Akt2, mTOR, or BCTN we used in this study are specific and effective.
Knockdown of either Akt1 or mTOR using siRNA significantly reduced PASMC proliferation under normoxic as well as hypoxic conditions (Fig. 8E) , and there is no effect of BCTN knockdown on PASMC proliferation under both normoxic and hypoxic conditions (Fig. 8E) . Whereas Akt2 knockdown also significantly reduced PASMC proliferation in hypoxic conditions, the inhibitory effect was significantly less than that of Akt1 knockdown (Fig. 8E) . To confirm that these differences are attributable to differences in the Akt1/2 isoforms, PASMC were isolated from WT, Akt1 Ϫ/Ϫ , and Akt2 Ϫ/Ϫ mice for cell proliferation experiments. Despite difficulty in culturing these cells because of the significantly decreased proliferation, we were able to isolate an adequate number of cells for both normoxic and hypoxic experiments. Although PASMC from both Akt1 Ϫ/Ϫ and Akt2 Ϫ/Ϫ mice showed decreased proliferation compared with WT mice under normoxic conditions, there was a trend toward Akt1 Ϫ/Ϫ having a greater effect (Fig. 8F ). This effect became evident under hypoxic conditions in which Akt2 Ϫ/Ϫ had little to no effect, whereas proliferation of PASMC isolated from Akt1 Ϫ/Ϫ mice had been significantly attenuated under hypoxic conditions compared with both WT and Akt2 Ϫ/Ϫ . Additionally, it is well known that hypoxia leads to increased proliferation of PASMC, yet we show this increase to be more pronounced in PASMC isolated from Akt2 Ϫ/Ϫ mice (Fig. 8F, right) . These findings suggest an important difference in the function of the Akt isoforms under hypoxic conditions, in which Akt1 likely plays a more important role in cell proliferation.
Acute hypoxia rapidly causes Akt phosphorylation in PASMC, and Akt1 may partially contribute to acute hypoxic pulmonary vasoconstriction. Acute hypoxic pulmonary vasoconstriction (HPV) is an important physiological mechanism that maximizes ventilation/perfusion (V/Q) matching and gas exchange in the lung. Persistent hypoxia, however, causes sustained pulmonary vasoconstriction and contributes to the development of pulmonary hypertension in patients with obstructive lung diseases and chronic highaltitude diseases (58, 60) .
Acute alveolar hypoxia, by reducing inspired fractional O 2 concentration (FI O 2 ) in the ventilated gas mixture from 21% to 1%, caused a reversible increase in PAP attributable to pulmonary vasoconstriction in the isolated perfused/ventilated lung from WT mice (Fig. 9, A-C) . The acute HPV was slightly, but significantly, reduced in the isolated perfused/ventilated lungs from Akt Ϫ/Ϫ mice compared with the WT littermates (Fig. 9,  A-C) . Furthermore, in vitro experiments using primary cultured PASMC demonstrate that acute exposure of PASMC to hypoxia (3% O 2 ) ranging from 1 to 10 min increased phos- phorylation of Akt1/2 and mTOR. As shown in Fig. 9 , D-G, the hypoxia-induced increase in phosphorylated Akt1/2 (pAkt1/2) and phosphorylated mTOR (p-mTOR) in PASMC took place at 1 min and maximized at 3 min. Therefore, the acute effect of Akt1/2 phosphorylation and activation on the pulmonary vasculature may influence hypoxic vasoconstriction, in addition to its effect on PASMC proliferation described above.
DISCUSSION
In patients with PAH and HPH, the elevated PAP is principally the result of increased total PVR. Activation of G proteincoupled receptors (GPCRs) and RTKs by mitogenic and angiogenic factors, cytokines, and hormones is one of the important mechanisms leading to cell growth, proliferation, and migration. Upregulated expression and increased function of RTK ligands (e.g., PDGF and VEGF) (47) and RTKs (e.g., VEGFR and PDGFR␣/PDGFR␤) (7, 21, 31) in the pulmonary vascular cells (including fibroblasts, smooth muscle cells, and endothelial cells) are believed to play an important role in the initiation and progression of PA wall thickening, as well as the neointimal lesions and intraluminal obliteration observed in patients with PAH and animals with experimental pulmonary hypertension (4, 36, 46) . Blockade of various RTKs and GPCRs in the plasma membrane of pulmonary vascular smooth muscle cells and endothelial cells using nonselective and selective receptor antagonists (e.g., imatinib) has been proven to have therapeutic effects on pulmonary hypertension (18, 20, 46, 53, 56) .
The PI3K-Akt-mTOR pathway is one of the fundamental intracellular signaling cascades that communicate extracellular mitogenic signals to the nuclear transcriptional machinery that induces cell proliferation and protein synthesis (64) . The results from this study indicate several things. 1) Phosphorylated Akt1 and 2 (pAkt1/2) are significantly increased in the lung tissues isolated from mice and rats with HPH compared with normoxic controls and in PASMC isolated from patients with PAH compared with normal controls, whereas mRNA and protein expression levels of total Akt1/2 are comparable in lung tissues isolated from normoxic control mice and HPH mice and rats and in PASMC isolated from normal controls and patients with PAH. 2) Chronic hypoxia-induced increases in RVSP, PA thickening, and RVH were all significantly attenuated in Akt1 Ϫ/Ϫ mice compared with their WT littermates, whereas HPH in Akt2 Ϫ/Ϫ mice was similar to that in WT controls. 3) Conditional and inducible KO of mTOR in vascular smooth muscle cells almost abolished the development and progression of HPH compared with control mice. 4) Upregulation of PTEN in PTEN-TG mice significantly attenuated HPH compared with WT controls. 5) Akt1 and mTOR have the greatest effect on PASMC proliferation under hypoxic conditions. 6) Acute exposure of PASMC to hypoxia rapidly increased phosphorylation of Akt1/2 and mTOR, whereas acute HPV in the isolated perfused/ventilated lung from Akt1 Ϫ/Ϫ mice was slightly, but significantly, less than the hypoxic response in WT mice. These observations imply that 1) the PI3K/Akt/mTOR signaling in PASMC is activated in pulmonary hypertension, and activated Akt1/mTOR signaling cascade is required for or involved in the development and progression of pulmonary hypertension; and 2) the activated Akt1/mTOR signaling specifically involved in the development and progression of pulmonary vascular remodeling is due to enhanced phosphorylation of Akt1 but not Akt2.
Blockade of mTOR with rapamycin has been well documented to inhibit cell proliferation in a variety of cell types, including cancer cells (13, 28) , coronary arterial smooth muscle cells (22, 34, 39) , embryonic stem cells (40, 76) , and vascular progenitor cells (3, 16) . Additionally, experimental manipulation of upstream molecules in the Akt pathway has been shown to exert beneficial effects on cell proliferation in cancer (30) . Our previous studies show that PDGF-mediated activation of the Akt/mTOR pathway is involved in growth factor-mediated upregulation of TRPC channels and enhancement of SOCE in human PASMC (44, 45) . Enhanced Ca 2ϩ entry in PASMC is a critical pathogenic factor of both sustained pulmonary vasoconstriction and pulmonary vascular remodeling characteristic of PAH. Here we confirm the effects of the PTEN/Akt1/mTOR pathway on pulmonary vascular remodeling in an experimental animal model of pulmonary hypertension. The novel approach of manipulating multiple steps both upstream and downstream of Akt, as well as employing smooth muscle-specific and inducible KO animals, allows us to confidently display the importance of this signaling pathway on HPH and pulmonary vascular remodeling. While demonstrating this importance, we were also able to identify differences in the contribution of different Akt isoforms, as well as parallel signaling pathways, to the development of HPH.
In a variety of cancer cells, Akt1 and Akt2 play distinct roles in regulating cell proliferation, migration, and protein synthesis (1, 5, 6, 35, 63, 68) . In our study, we attempted to discern the specific effects of Akt isoforms on the development of experimental pulmonary hypertension. Although neither the Akt1 Ϫ/Ϫ mice nor the Akt2 Ϫ/Ϫ mice had any significant differences in hemodynamic measurements at baseline, we were able to note some interesting differences after 4 wk of normobaric hypoxia exposure. We were able to show that deletion of Akt1 in mice caused ϳ40% inhibition of hypoxia-mediated increase in RVSP and nearly eliminated hypoxia-mediated PA wall thickening. This would suggest that Akt1 plays a dominant role in pulmonary vascular remodeling, a process in which PASMC proliferation is key. While taking a similar approach with Akt2 Ϫ/Ϫ mice, we were unable to show any significant difference in the development of HPH between Akt2 Ϫ/Ϫ mice and their littermate controls. PA wall thickening was also unaffected in Akt2 Ϫ/Ϫ mice, leading us to believe that Akt2 plays a much less dominant role in the development of HPH and pulmonary vascular remodeling. Both siRNA knockdown of Akt1 and Akt2 and PASMCs isolated from Akt1 Ϫ/Ϫ and Akt2 Ϫ/Ϫ mice confirm that cell proliferation under hypoxic conditions is predominately effected by Akt1. In addition to the chronic effects of Akt1, we have also demonstrated acute effects in which HPV is attenuated in Akt1 Ϫ/Ϫ mice. The rapid increase in Akt/mTOR and rapid increase in PAP during hypoxia imply that hypoxia-mediated activation (phosphorylation) of Akt/mTOR signaling may be involved in acute HPV.
We have strengthened these findings on the importance of the Akt1 signaling pathway in the development of murine HPH by examining both upstream and downstream molecules in this signaling cascade including mTOR and PTEN. It has been clearly demonstrated that Akt activation leads to activation of downstream mTOR and then exerts a proproliferative effect on PASMC, resulting in pulmonary vascular remodeling (23) . In this study, we have shown that conditional and inducible deletion of mTOR in PASMC almost abolished chronic hypoxia-induced increase in RVSP (Fig. 5, C and E) and PA wall thickening (Fig. 5, G and H) . Knockdown of mTOR with siRNA, along with knockdown of Akt1, causes a significant inhibitory effect on PASMC proliferation (Fig. 8, E and F) . These data indicate that the Akt1/mTOR pathway in PASMC is an important signaling pathway for the development and progression of pulmonary vascular remodeling and pulmonary hypertension.
PTEN is an upstream phosphatase that prevents activation of Akt indirectly, and previous work has shown that inactivated PTEN is associated with pulmonary hypertension in humans as well as increased severity of HPH in animal models (19) . Our TG PTEN mice have previously been demonstrated to have significantly upregulated PTEN gene and protein expression, which can prevent Akt phosphorylation (11) . Indeed, our results from this study show that upregulation of PTEN, and thus inactivation of Akt signaling, is protective against HPH, lending further support to our hypothesis.
In conclusion, our study has demonstrated that unique Akt isoforms have distinctive effects in the development of HPH in mice and that Akt1 and not Akt2 is essential for pulmonary vascular remodeling and the development of HPH. We have also shown the importance of the Akt1/mTOR pathway in which increased levels of PTEN, an upstream repressor, or specific KO of downstream mTOR in PASMC, can significantly attenuate the development and progression of HPH. The Akt/mTOR pathway will continue to be a focus of research aimed at determining factors that affect pulmonary vascular remodeling, and focusing on specific isoforms or targets of this pathway may lead to novel therapeutic targets for pulmonary hypertension.
